Abstract-This paper presents an ultra-wideband (UWB) radio aided inertial navigation system (INS), estimating position, velocity and attitude (PVA), based on a low-cost microelectro-mechanical system (MEMS) Inertial Measurement Units (IMUs). This ensures that a drift free INS is available for local unmanned aerial vehicle (UAV) navigation independent of global navigation satellite systems (GNSS). The experimental results show that the presented integration of UWB and INS is promising for navigating independent of satellite-based positioning systems, and illustrates the possible enhancements that are possible when adding an additional vertical position measurement.
INTRODUCTION
The de facto sensor used to aid inertial navigation systems (INS) in outdoor environments in high-accuracy applications has been real time kinematic (RTK) global navigation satellite system (GNSS) positioning, which provides centimeter-level accuracy within 20 km of the RTK base station, [1] . However, RTK is known to be prone to loss of carrier-phase integerambiguity fix and is also exposed to GNSS denial of service, due to interference or no line of sight to a sufficient number of satellites. In recent years another sensor applicable for INS position aiding has emerged; Ultra-wideband (UWB) radio based real time location system (RTLS). UWB refers to radios with a spectrum bandwidth of at least 500 MHz or 20% of their center frequency [2] . This enables access to a redundant positioning principle independent of GNSS applicable for usage in local positioning of industrial robots [3] , terminal and warehouse containers [4] together with applications in patient care and in construction sites [5] .
RTLS has an unique ability to determine three dimensional (3D) position of a tag in space, in real or close to real time [6] . UWB RTLS has several properties that are beneficial for INS aiding: Its small footprint [7] makes it ideal for small UAVs. The GHz-wide frequency band makes it robust and less prone to multipath, which is advantageous for cluttered environments and low altitude flights. The short pulse of the UWB signal enables low energy consumption, as well as a high data-rate (up to 2 Mbps). The technology also allows for a high density of devices [7] , which is an advantage for the scalability of the system. In addition, the user also has full control of the positioning system, in contrast to satellite systems that are controlled by governmental entities. Additionally, satellite systems are dependent on atmospheric conditions from satellite to receiver. UWB RTLS may also be installed in GNSS denied environments, for instance under bridges or indoor environments, and could provide INS aiding in the event of GNSS denial of service. One consequence of using UWB for localization is the need to place anchors in the vicinity of the operation, since the range of the radio communication is limited, typically to several hundred meters. For cluttered environments, a more severe drawback is likely to be effects from non-line-of-sight measurements. This leads to a delay in the measurements, causing a bias, which requires special consideration [8, 9] . In general, UWB RTLS is applicable in short-range navigation, where fast response, robustness and precision is needed. This paper is an extension of the initial work of [10] , in which the design and implementation of the UWB nodes are presented in detail, along with a comparison of least-square based position estimation algorithms. Further, this paper also extends the previous work of [11] , where the focus was on the integration of RTK, INS and UWB, merely with simulation studies. This paper seeks to join the previous efforts by utilizing an observer for tight integration of UWB range measurement together with inertial measurements, on data from real flight test experiments, using an unmanned aerial vehicle (UAV). Moreover, the tight integration of inertial and UWB range measurements is beneficial for multiple reasons: Since the position measurements in tight integration is expressed in the range space, which enables a more fine-grained Figure 1 . UWB ranging concept.
UAV
outlier detection compared to loose integration. If one of the range measurements is unreasonable, that measurement can be rejected, while the sensible measurements still can be used in the estimate. This is contrary to loose integration, with measurements in the position-space, where the entire position estimate would be rejected.
The tight integration of UWB pseudoranges and inertial measurements can also be considered a first step towards tight integration with GNSS, which will substantially improve the geometry of the ranging problem compared to an only-GNSS solution since ranges originate both above and below the navigating UAV. Furthermore, with tight integration, one cascade of estimators is avoided by eliminating the need to estimate the position before the integration with inertial sensors, as is the case in loose integration. Moreover, integration of sensors in the position-space potentially violates the basic assumption of white measurement noise, which is the foundation of many estimators such as the Kalman filter. This stems from the fact that the errors of the position output of a rangebased estimator will not be Gaussian. Nevertheless, such position estimates are often used as aiding measurements in the context of loose INS integration.
A large drawback with RTK GNSS, in addition to the disadvantages related to operation in GNSS-denied areas, is the potentially time consuming process of correctly solving the integer ambiguities for the carrier-phase measurements, i.e. arriving at a fixed solution. This can be particularly problematic for highly dynamic platforms, and when the satellite constellation is poor. These problems are mitigated by an integrated UWB-inertial solution, which, despite the slightly less accurate estimates, makes it a viable solution e.g. for UAV landing in areas at high latitude.
Notable previous attempts at using UWB ranges in inertial navigation include [12] and [13] , where in the latter, a moving quadcopter achieves a position error of only 41 mm, in an indoor lab. The focus of this work is on the use of UWB aiding in an outdoor environment. A practical problem when using UWB ranging in large scale experiments in the field, is the placement of the anchors. It is impractical to spread the anchors in the vertical plane, leading to poor geometry of the ranging problem. Thus, the accuracy of the navigation solution can be greatly improved by adding ranging information from an additional sensor that is vertically separated from the UWB anchors. Examples of such sensors are barometric pressure, altimeter laser, radar and ultrasound, which can provide range measurements to the ground.
Main Contribution
In this paper the concept of tightly integrated UWB RTLS and INS is presented using an nonlinear observer framework with exponential stability properties and is validated experimentally. The experimental demonstration is carried out by comparing two measurement setups; one that uses UWB ranging to aid the IMU, and another that also uses the height information embedded in the RTK GPS output as a range measurement to the earth center, as a proof of concept.
Organization
The paper is organized by first presenting some preliminaries (Section 2), before moving on to a presentation of the nonlinear observer framework based for tightly coupled UWB/INS integration (Section 3). Then the experiment setup (Section 4) is presented before the results (Section 5) are presented. Finally, the results of the paper are summarized (Section 6).
PRELIMINARIES
Before presenting algorithms and the accompanying results, some preliminaries are stated.
Notation
The Euclidean vector norm is denoted · 2 . The n × n identity matrix is denoted I n ,while a block diagonal matrix is given by
the transpose of a vector or a matrix is denoted (·) . Coordinate frames are denoted with {·}. S(·) ∈ SS(3) represents the skew symmetric matrix such that S(z
3 denotes a vector z, to frame {c}, relative {b}, decomposed in {a}. Moreover, ⊗ denotes the Hamiltonian quaternion product. Saturation is represented by sat (·) , where the subscript indicates the saturation limit.
A geometric range is denoted with ρ, being the Euclidean vector norm of the difference of two given vectors z 1 , z 2 , i.e. ρ = z 1 − z 2 2 . The rotation matrix, R b a ∈ SO(3), describes the rotation between two given frames {a} and {b}. Equivalently, the rotation between {a} and {b} may be represented using the unit quaternion q b a = (s, r ) where s ∈ R 1 is the real part of the quaternion and r ∈ R 3 is the vector part. In addition, the Euler angles are given as
where φ is the roll angle, θ is the pitch angle, and ψ is the yaw angle. Latitude and longitude on Earth is represented by
Coordinate Frames
This paper considers four coordinate frames; The Earth Centered Inertial (ECI) frame, the Earth Centered Earth Fixed (ECEF) frame, a local Earth-fixed North East Down (NED) frame, and the BODY reference frame, denoted {i}, {e}, {n}, and {b}, respectively (see Fig. 2 ). Figure 2 . Definitions of the BODY, NED, ECEF and ECI reference frames.
Strapdown Equations
The NLO-based INS is derived usinġ
as strapdown equations, with ω e ie = (0, 0, 1) ω ie , where ω ie is the earth's rotation rate.
Inertial Measurement Units
A simplified measurement model of an IMU can be given as 
Pseudorange measurements
Since the UWB range calculations are based on timing of the signal transmitted from the anchor to the tag, the UWB systems provide pseudorange measurements, and not the true geometric range.
The pseudorange measurement to the k th UWB anchor may therefore be given as
where p e eb the vehicle's position, while p e eb,kUWB represent the k th anchor position For UWB systems based on measurements of the Time-of-Arrival (TOA), inter anchor/tag clock synchronization errors will effect the pseudorange calculation. This effect is included in the measurement equation through β UWB representing the clock error of the UWB tag. Moreover, β UWB , is modeled as a slowly drifting parameteṙ
NONLINEAR OBSERVER FOR AIDED INS
The UAV's position, velocity and attitude (PVA) is estimated using a feedback-interconnected nonlinear observer integration strategy, based on the work of [14, 15] and references therein, depicted in fig. 3 . The first part being a nonlinear observer (NLO), estimating attitude and ARS biases. The second part is a translational motion observer (TMO), estimating the position, velocity and specific force in ECEF coordinates, based on inertial measurements and the attitude provided by the NLO. The estimated specific force is further provided to the NLO and used to improve the attitude estimates.
Attitude Observer
The NLO for estimating the attitude between the {b} and the {e} frame is given similar to [14, 15] , fusing accelerometer, ARS and magnetometer measurements.
where Proj(·) denotes the angular rate bias projection al- [16] for some upper bound M bars on the gyro bias, and where k I is the gain associated with the rate gyro bias estimation.
The specific force and magnetometer measurements are utilized to correct the attitude estimate and estimate the ARS bias through the observer's nonlinear injection term,σ
where the measurement vectors v b 1,2 and reference vectors v e 1,2 are calculated using
Furthermore, the measurement and corresponding reference vector pairs in (12)-(13) are constructed as Figure 3 . NLO structure overview. specific force is saturated by M f , an upper bound on the specific force. The normalized vector configuration in equation (14) and (15) 
Translational Motion Observer
The TMO is similar to that of [15] , except that aiding measurements from UWB is added and given as follows, 
and while K †p k,UWB is a gain associated with the k th UWB pseudorange measurements. Here, superscript † is a placeholder used to signify which state the gain corresponds to, while the superscript p indicates that the gain corresponds to a position-based measurement [15] . Further, m UWB denotes the number of UWB anchors, while ξ e ib is an auxiliary state used to estimate f e ib . By noting the linear time-varying (LTV) structure of (16) 
the TMO can be written on LTV form aṡ
with the system matrices, 
the measurement vector and estimated measurement vector,
with,ρ kUWB given in (17) , the vector,
The gain matrix 
is updated by solving the Riccati-equation
with
and with R(t) and Q(t) being symmetric, positive definite and possibly time-varying matrices, for a P (t) = P (t) > 0, to obtain
K(t) = P (t)C (t)R −1 (t).
Finally, the input is given as
Moreover, the error states of the TMO can be defined as p 
The corresponding error dynamics of the origin of Σ 2 is then obtained aṡ
with ρ 12 (t,x) = −2S(ω (33) Moreover, ρ 3 (t, χ) stems from linearization errors, similar to [15] . Hence, exponential stability properties, similar to the cited works can be achieved. Additional vertical range measurement-Another option for mitigating the problem with close to linearly dependent lineof-sight vectors, is found in [18] , where this issue is handled with the eXogenous Kalman Filter (XKF) [19] , linearizing the about an exogenous trajectory from an nonlinear observer. The benefit with this is that the trajectory from the nonlinear observer is globally stable. Thus, the risk of choosing the wrong linearization point in the filter is avoided compared to the EKF where the linearizing is about its own states.
EXPERIMENTAL TEST SETUP
The experiments were conducted in a sports field in Trondheim, Norway, and were carried out using a multirotor equipped with a BeSpoon UM100 [7] UWB impulse radio, a Ublox M8T [20] GNSS receiver, an ADIS16490BMLZ [21] MEMS IMU, shown in Figure 4 . The IMU and the GNSS receiver are connected to SenTiBoard (previously SyncBoard) [22] , which is a configurable hardware based sensor timing board that uses interrupt capture (IC) to accurately record the time of validity of sensor messages. The BeSpoon UM100 radio is connected to the BeagleBone Black (BBB) Single Board PC (SBPC) running a Linux operating system and LSTS Toolchain software [23] . In the UAV, the BBB is used as the main control device of the whole system including high-level flight control tasks and integration of on-board sensors. A commercial Pixhawk flight controller, running the Ardupilot autopilot software, is used for the lowlevel control. This also has a built-in magnetometer and an IMU, which it uses in its internal PVA-estimation.
In the area of operation, 5 UWB RTLS anchors and a RTK base station are equipped with the same UWB and GNSS user equipment as in the UAV, seen in Figures 5 and 6 . The NED position of the 5 anchors, relative to the RTK base station, can be seen in Table 1 . In the anchor devices, the role of the BBB is to send commands and receive data stream from the UWB radio during initialization and inter-anchor measurements. The second task of the anchor's SBPC is management of the RTK GNSS receiver.
The UWB beacons have previously been calibrated by finding their associated antenna offset. This offset is found during the Figure 5 . UWB anchor used during flight tests.
initialization of the system by sending this value from Linux user space software to Linux kernel kernel module driver and then via SPI to BeSpoon UM100 UWB chip. The antenna offset value was chosen for anchors and UAV separately for each device. This offset depends on type of used antenna, length of antenna PCB path, length of antenna cable, amount and type of connectors used. After calculation of the antenna offsets, ranging results were empirically tested between devices on different ranges with reference measurements made using measuring tape and laser range finder.
An operation in the UWB network with the UAV, contains two phases: In the initialization phase, the UAV is commanding anchors to perform inter-anchor UWB distance measurements, to determine the relative position of the anchors. The second phase is normal operation, where the UAV is requesting UAV-to-anchors UWB distance measurements. These measurements are based on Time-of-Arrival (TOA) between the UAV and anchors. The ranging accuracy for the UWB system alone is approximately at 10 cm at 800 meters distance between UAV and anchors, at a rate up to 17 Hz. The communication principle for positioning is illustrated in Figure 7 . For a complete overview of the setup of the UWB system, see [10] . Communication between UWB radio and BBB is done using SPI, managed by Linux kernel module driver ported on BBB.
It is possible to perform real time estimation of UAV and anchors position, but in the case of these experiment all of the calculations are obtained by post-processing. The measurements on the BBB are synchronized in the DUNE unified navigation environment software [23] . It should be noted that the UAV was carried in the experiment. 
RESULTS
In the results presented in this section, TMO corresponds to the presented observer that only utilize UWB RTLS measurements in the aiding of the IMU, whereas TMO w/v. range corresponds to the alternative that also utilize the vertical range measurement.
A comparison of the estimated position and the standalone GPS and RTK-GPS references are plotted in Figure 8 in latitude and longitude, along with the position of the UWB anchors. The temporal evolution of the same data, but transformed to the NED-frame, is shown in Figure 9 . Further, Figure 10 shows the position estimate error in the NEDframe, which illustrates the considerable improvement in the case with the vertical range measurement. The innovations corresponding to the different range measurements, including the vertical range, are plotted in Figure 11 . All the innovations, except for anchor 1 which has very few measurements, resemble the bell shape of the normal distribution, indicating that the innovations are Gaussian.
As shown in Figure 14 , the UWB clock error estimate is bounded, which indicate that clock does not drift. But the fact that it does not converge to a stationary value, could indicate that it has a colored noise component, or that there are other systematic errors that are being compensated for by this estimate. Statistics related to the position estimation relative to RTK can be found in Table 2 . The error metrics used are absolute mean error (AME), standard deviation (STD) and root-meansquare (RMS) error. For the case with the additional range measurement, it is apparent that the major component of the position error is in the east direction. This, along with its small standard deviation, indicates that there is a bias that has not been accounted for. This could stem from e.g. inaccuracies in the mounting, as all the anchors where mounted with the same heading.
In evaluating the performance of the attitude observer, it should be pointed out that the reference here is the estimated attitude from the low-cost Pixhawk autopilot. A comparison of the estimated attitude from the presented observer and the Pixhawk reference, as illustrated in Figure 13 , shows a generally good resemblance, apart from a short period at around 120 seconds. It should be pointed out that the spikes seen in the yaw error plot are not spikes in the estimate, but come from a slight delay and the wrap between ±180 • . In addition to presenting the error in the attitude, relative Pixhawk, Figure 13 compares the attitude errors of the presented observer with and without the vertical range aiding. This shows a slight improvement in the attitude when the vertical range is included. The corresponding attitude error statistics relative the Pixhawk attitude estimate is presented in Table 3 .
Due to the lack of ground truth, it is difficult to conclude as to which attitude estimates are the most accurate. In addition, even small errors in the time synchronization might affect the comparison to the Pixhawk reference, due to the fast dynamics of the carried UAV.
At an early stage of the data processing, it was discovered that the innovation terms,ỹ k,UWB , were coloured and heavily biased. Similar to [8] , which also use a BeSpoon UWB system, the source of this was found to be repetition of UWB measurements. These repeated measurements have been removed in the preprocessing of the data, while finding the cause of the repetition is a subject for future investigation.
A weakness with the current setup is the timing of the UWB measurements, which is illustrated in Figure 15 , where M m UW B is the time of the UWB measurement, U m UW B is the time of data transmission of said measurement, and D m UW B is the time when the DUNE system is processing the measurement, and associating it with the internal timestamp. The frequency spectrum is shared between the UWB nodes by using Time Division Multiple Access (TDMA) transmission. The UWB tag in the UAV is currently set up to wait for all m UWB UWB measurements before the measurement packet is sent to the BBB. Additional minor delays D nUWB − U nUWB are introduced by the transmission of the UWB measurements from the tag to the SBPC. The temporal grouping of the UWB measurements makes is easier to estimate a position purely based on the UWB measurements, but leads to unnecessary delays {Δt 1UWB . . . Δt mUWB } in our setup where the corrector step of the observer is structurally indifferent to the number of measurements in the given time step.
SUMMARY
Through data from an outdoor experiment, this paper has demonstrated the accuracy of inertial navigation, aided by an ultra-wideband real time localization system. The ultra wideband pseudorange measurements are fused with acceleration, angular rate and magnetic field measurements, using a tightly coupled integration strategy, in a nonlinear observer. The nonlinear observer is an interconnection of a translational motion observer and an attitude observer, and has exponential stability properties. These results show that the UWB-inertial navigation system is a viable solution for local outdoor navigation of UAVs. A substantial reduction of the position error was achieved by including a vertical range measurement, in addition to the UWB ranges. This improved the geometry of the estimation problem, and reduced the average of the position error norm by a factor of 6, to 1.46 meters. The standard deviation and root mean square error values where also significantly reduced. The position error could have been further reduced by compensating for the bias in the east direction. Replacing the linearization about the TMO state, with linearization about the state of a globally stable nonlinear observer, in a similar manner as with the XKF, could possibly also improve the performance of the observer.
Lastly, some weaknesses with the current setup of hardware, that are limiting the performance of the navigation system, have been discussed. These will be the topic for future experiments. Figure 15 . Illustration of the UWB timing issue.
